Abstract: Quality control of Chinese medicine injections remains a challenge due to our poor knowledge of their complex chemical profile. This study aims to investigate the chemical composition of one of the best-selling injections, Shenqi Fuzheng (SQ) injection (SQI), via a full component quantitative analysis. A total of 15 representative small molecular components of SQI were simultaneously determined using ultra-high performance liquid chromatography (UHPLC) coupled with quadrupole tandem time-of-flight mass spectrometry (Q-TOF-MS); saccharide composition of SQI was also quantitatively determined by high performance liquid chromatography (HPLC) with evaporative light scattering detector (ELSD) on an amino column before and after acid hydrolysis. The existence of polysaccharides was also examined on a gel permeation chromatography column. The method was well validated in terms of linearity, sensitivity, precision, accuracy and stability, and was successfully applied to analyze 13 SQI samples. The results demonstrate that up to 94.69% (w/w) of this injection product are quantitatively determined, in which small molecules and monosaccharide/sucrose account for 0.18%-0.21%, and 53.49%-58.2%, respectively. The quantitative information contributes to accumulating scientific evidence to better understand the therapy efficacy and safety of complex Chinese medicine injections.
Introduction
Quality control of herbal injection remains a challenge. Different from traditional Chinese patent drugs, herbal injection has a very short history. Born in the army hospital during war time [1] , the first herbal injection (bupleurum injection) was initially created for the heavily injured soldiers when penicillin was severely short of supply. As both a great invention and a crazy risk, herbal injection has received a great deal of recognition and criticism over the past decades. Especially in recent years, many herbal injection products have been licensed and marketed, whereas many medicine-injury incidents regarding adverse reactions caused by herbal injection have also been reported. Compared to other drug preparations, injection has more strict criteria for quality control. Furthermore, the complicated chemical profile of herb origins renders herbal injections a special safety concern. Qualitative and
Results and Discussion

Qualitative Analysis of Constituents
Both positive and negative ion modes were chosen for MS analysis depending on the different chemical properties of analytes. As shown in Figure 1 , 15 representative non-sugar small molecules in total were unambiguously determined by comparing retention times (Figure 2 ), accurate m/z and fragmentation data with reference standards (Table 1) . They included three isoflavones (calycosin-7-O-β-glucoside, ononin, isomucronulatol-7-O-β-D-glucoside), five saponins (astragaloside IV, astragaloside III, astragaloside II, isoastragaloside II, and soyasaponin I), and a glycoside (cyclocephaloside II) from Radix Astragali, an alkaloid (codonopsine) and a polyacetylene (lobetyolin) from Radix Codonopsis, and two amino acids (trytophan, L-phenylalanine), a dicarboxylic acid (azelaic acid), as well as a purine nucleoside (adenosine) [20] [21] [22] [23] [24] [25] [26] . The saccharide profile was also shown in Figure 3 , in which only three saccharides-fructose, glucose and sucrose-were identified by comparison with reference standards. HPGPC is popularly used to determine the homogeneity of purified polysaccharides in carbohydrate polymer research. It is also recently used to profile the molecular size distribution pattern of tested samples [28] [29] [30] . The HPGPC analysis of SQI, as shown in Figure 4A , indicated three peaks at 28.5 min (peak 1), 29.3 min (peak 2), and 35 min (peak 3). According to our previously work [28] [29] [30] , the major peak No. 3 was comprised of small molecules, and those two small peaks (peaks 1 and 2) around 28-30 min were supposed to be polymers, possibly polysaccharides. In order to determine if they are polysaccharides, we compared the monosugar profile and HPGPC chromatogram before/after acid hydrolysis. If they are polysaccharides, they are supposed to be hydrolyzed to monosugars, so that peaks 1 and 2 should disappear and the content of monosugars should increase. As shown in Figure 4B , peaks 1 and 2 remain unchanged after acid hydrolysis, even at the strict condition (2 M TFA in 120 °C for 2 h) which is usually HPGPC is popularly used to determine the homogeneity of purified polysaccharides in carbohydrate polymer research. It is also recently used to profile the molecular size distribution pattern of tested samples [28] [29] [30] . The HPGPC analysis of SQI, as shown in Figure 4A , indicated three peaks at 28.5 min (peak 1), 29.3 min (peak 2), and 35 min (peak 3). HPGPC is popularly used to determine the homogeneity of purified polysaccharides in carbohydrate polymer research. It is also recently used to profile the molecular size distribution pattern of tested samples [28] [29] [30] . The HPGPC analysis of SQI, as shown in Figure 4A , indicated three peaks at 28.5 min (peak 1), 29.3 min (peak 2), and 35 min (peak 3). According to our previously work [28] [29] [30] , the major peak No. 3 was comprised of small molecules, and those two small peaks (peaks 1 and 2) around 28-30 min were supposed to be polymers, possibly polysaccharides. In order to determine if they are polysaccharides, we compared the monosugar profile and HPGPC chromatogram before/after acid hydrolysis. If they are polysaccharides, they are supposed to be hydrolyzed to monosugars, so that peaks 1 and 2 should disappear and the content of monosugars should increase. As shown in Figure 4B , peaks 1 and 2 remain unchanged after acid hydrolysis, even at the strict condition (2 M TFA in 120 °C for 2 h) which is usually According to our previously work [28] [29] [30] , the major peak No. 3 was comprised of small molecules, and those two small peaks (peaks 1 and 2) around 28-30 min were supposed to be polymers, possibly polysaccharides. In order to determine if they are polysaccharides, we compared the monosugar profile and HPGPC chromatogram before/after acid hydrolysis. If they are polysaccharides, they are supposed to be hydrolyzed to monosugars, so that peaks 1 and 2 should disappear and the content of monosugars should increase. As shown in Figure 4B , peaks 1 and 2 remain unchanged after acid hydrolysis, even at the strict condition (2 M TFA in 120 • C for 2 h) which is usually used for complete acid hydrolysis of polysaccharides [31] . Furthermore, neither the content of glucose nor that of total monosaccharide increased after acid hydrolysis at varied TFA concentrations, as shown in Figure 3B -D. These results suggested that these two peaks should not be polysaccharides. Although both herbal components of SQI are rich in polysaccharides, SQI should not contain these polymers due to the special operation of ethanol precipitation. These two peaks were further isolated using HPGPC and were subsequently analyzed by MALDI-TOF-MS ( Figure 4C ). The results showed that the molecular weight of these polymers is around 2000 Da. They were proposed to be some stabilizing agents added in injection preparation.
Limitation of Qualitative Analysis Solely Using Mass Spectrometry
Mass spectrometry has been applied for quantitative and also qualitative analysis in many fields, especially in Chinese medicine analysis. Although it is a powerful and sensitive analytical method as it can provide an accurate mass of the molecules and nanogram of detection limit, solely using MS data in qualitative analysis may bring incorrect identification results. For example, geniposide had been identified in SQI samples solely based on the MS data in some published studies [25] , but it could not be found in our samples by comparing both the retention time and ion fragmentation pattern with chemical reference standard. And among these chemicals, codonopsine as the representative marker of Radix Codonopsis, is found as a major ingredient of SQI for the first time. It is suggested that the qualitative analysis only using ion fragmentation information is risky. Moreover, the ionization mode is an important factor for MS analysis. The chemical diversity of Chinese medicines requires different ionization modes. Some components may be ignored if the single ionization mode is used. The comparison between two modes is necessary, which can avoid missing information.
Method Validation
The linearity, regression and linear ranges of 15 analytes are shown in Table 2 . The data exhibited a satisfactory relationship between concentrations and peak areas of the analytes within the test ranges (R 2 ≥ 0.9980). The overall RSDs of intra-and inter-day variations for 15 analytes were not beyond 3.74% and 4.81%, respectively. The limits of quantification (LOQ) and limits of detection (LOD) of all analytes were less than 1.06 and 0.41 µg on column, respectively. The established method demonstrated acceptable accuracy with spike recovery of 94.97%-106.59% for all analytes; and the RSDs of the peak areas for 15 analytes detected within 24 h were lower than 4.73%. These results suggested that the developed UPLC-MS method was accurate and reliable for simultaneous quantitative determination of the 15 investigated compounds in SQI injection.
Quantification of Eighteen Analytes in Commercial Shenqi Fuzheng Injection (SQI) Samples
The results of quantitative analysis are summarized in Table 3 . In general, the total content of known chemical components reached 88.13%-94.69% of the dry weight of SQI samples. Among them, 15 representative non-sugar small molecules possessed 0.18%-0.21%, and monosaccharide/sucrose accounted for 53.49%-58.2%. In addition, according to the published preparation protocol, three salts, NaCl, edetate disodium, and sodium pyrosulfite, were added at the fixed concentration of 7.2 mg/mL, respectively [32] [33] [34] . The additives including the stabilizing agent may contribute the majority of the undetermined remainder. These results exhibited a general feature of SQI s chemical profile: saccharides and salts are the major components, and the non-sugar small molecules possess a very low content. Safety is often a serious concern in Chinese medicines, especially injection products. Decoction is safer because the digestion system provides protection. In order to make the injection safer, people removed macromolecules such as proteins and polysaccharides from the water decoction using ethanol precipitation. Although the content of small molecules relatively increased, the total dosage of small molecules in injection is much lower than decoction. The safety of SQI is attributed to its special chemical composition. Firstly, both herb materials of SQI are edible. Secondly, the majority (over 90%) of the composition is made up of saccharides/salts and other additives which are all safe and approved materials. Although some of the non-sugar small molecules were undetermined, the determined chemicals represented almost all types of the chemical ingredients of SQI. More importantly, their content is not very high.
On the other hand, the relatively low content of small molecules does not mean that SQI would be inactive. First of all, with a special method of administration, injection does not need a dosage of chemicals as high as that of water decoction. In contrast, a very high dose of small molecules may bring a safety concern. Second of all, SQI contributes a sufficient dosage of these bioactive small molecules, because its recommended dosage is 250 mL/day; in other words, 10 mg/day of these 15 determined non-sugar small molecules is a composition comparable to that of other Chinese medicine injections, e.g., Shenfu and Shengmai injections [35, 36] . In a published report [25] , 81 chemicals in total were identified in SQI using UPLC/MS, and 32 of them were confirmed with reference standards. It is suggested that the actual intake of these bioactive small molecules should be significantly more than 10 mg/day. Third of all, as found in this study for the first time, alkaloids which usually have potent bioactivity are one of the major ingredients of SQI. For example, adenosine contributes the largest amount to SQI, around 2 mg/day, among all the 15 determined constituents.
The active ingredient profile which is responsible for the therapy efficacy of SQI has not been determined. For example, astragaloside are often thought to be one of the active ingredients of Radix Astragali. However, our previous study indicated the high-quality large roots contain significantly less saponin than the poor-quality small root ends, due to their low ratio of bark where many more saponins exist. It is suggested that saponins should not be the sole quality control (QC) marker of Radix Astragali. Furthermore, glucose is normally the major saccharide, but SQI contains a large amount of fructose (around 35%, mainly from Radix Codonopsis), which is quite different from other Chinese formulae. It is not yet known whether fructose contributes to the therapy efficacy of SQI, and alkaloids also deserve further exploration. The accumulation of evidence of the chemical-activity relationship will be helpful for quality control of Chinese medicine injections.
Materials and Methods
Chemicals and Materials
Acetonitrile (UPLC grade) was purchased from Baker Analyzed Ltd. (Center Valley, PA, USA), and HPLC-grade acetonitrile, methanol, and formic acid were purchased from Merck (Darmstadt, Germany). Deionized water was prepared by Millipore Milli Q-Plus system (Millipore, Bedford, MA, USA). The reference compounds (Table 2) sucrose were purchased from Sigma-Aldrich (St. Louis, MO, USA). The purity of each standard compound was determined to be higher than 98% by using UPLC-MS.
The raw materials of Radix Astragali and Radix Codonopsis were identified as the dried roots of Astragalus membranaceus var. mongholicus and Codonopsis pilosula by Dr. CAO Hui, respectively. The herb extract and the SQI samples were prepared for research purpose by the research laboratory of Livzon Pharmaceutical Group Inc. (Table 3 ) using published methods [30] [31] [32] . In brief, these two herbal materials (40 g each) were extracted separately with boiling water; the water decoctions were then condensed and precipitated in ethanol solution before the supernatants were combined. The combined extract solution was filtered repeatedly with injection-use carbon and diluted to 1000 mL. Three salts, NaCl, edetate disodium, and sodium pyrosulfite, were added at the fixed concentration of 7.2 mg/mL, respectively [32] [33] [34] .
Sample Preparation
Standard solutions of these 15 reference compounds were prepared in water/methanol at the known concentration (mg/mL): adenosine (1. 
Ultra-Performance Liquid-Chromatography Tandem Mass Spectrometry (UPLC-MS) Conditions
An Acquity ultra-performance liquid chromatography (UPLC) system consisting of an auto-sampler, a binary pump and a PDA detector (Waters, Milford, MA, USA) was used. The compounds were separated on an Acquity BEH C18 (2.1 mm × 100 mm, 1.7 µm; Waters, Milford, MA, USA) analytical column coupled with a guard column (2.1 mm × 5 mm, 1.7 µm). The column and auto sampler were maintained at 40 • C and 10 • C, respectively. A gradient elution was performed using 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B) at a flow rate of 0.35 mL/min, in the following gradient program: 0-2 min, 5% B; 2-18 min, 5%-25% B; 25-33 min, 25%-75% B; 33-36 min, 75%-100% B; 36-39 min, 100% B. A volume of 1 µL was injected in the system for negative mode and 8 µL for positive mode analysis, respectively. MS data were obtained on a Bruker MicroTOF-Q (Bruker Daltonics GmbH, Bremen, German, quadrupole-time-of-flight (Q-TOF) mass spectrometer with electrospray (ESI) ion source. Operating parameters in the negative and positive ion mode were as follows: nebulizing gas (N 2 ) flow rate, 8.0 L/min; nebulizing pressure, 2.0 bars in negative mode and 2.5 bars in positive mode; drying gas temperature, 180 • C; capillary voltage, 4 kV in negative mode and 4.5 kV in positive mode. Mass spectra were recorded across the range m/z 100-1700 in negative and 50-1600 in positive mode.
The 15 analytes were simultaneously measured in positive mode (adenosine, phenylalanine, trytophan, codonopsine and ononin), and negative mode (calycosin-7-O-β-D-glucopyranoside, azelaic acid, lobetyolin, isomucronulatol-7-O-β-D-glucoside, astragaloside IV, astragaloside III, astragaloside II, soyasaponin I, isoastragaloside II and cyclocephaloside II) due to their specific response in mass spectrometry.
HPLC-NH 2 P-ELSD Conditions
A previously reported HPLC-NH 2 P-ELSD method was used here to determine the monosaccharides and oligosaccharides in SQI samples [2] . Briefly, an Agilent 1100 liquid chromatography system (Agilent Technologies, Palo Alto, CA, USA) and Alltech 2000 evaporative light scattering detector (Grace Alltech, Deerfield, IL, USA) coupled with an Asahipak Amino P-50 4E (4.6 mm × 20 mm, Shodex, Tokyo, Japan) column at 30 • C were used. A gradient elution was achieved using water (A) and acetonitrile (B) at a flow rate of 0.8 mL/min. The gradient program was used according to the following profile: 0-16 min, 78% B; 16-20 min, 78%-62% B; 20-30 min, 62%-60% B; the drift tube temperature of ELSD was set at 120 • C and the nitrogen flow rate of ELSD was set at 3.2 L/min. The gain number was equal to 1.
High Performance Gel Permeation Chromatography (HPGPC) Conditions
The macromolecules in SQI samples were examined using HPGPC on an Agilent 1100 series HPLC system (Agilent Technologies, Palo Alto, CA, USA) coupled with evaporative light scattering detector (ELSD). The separation was achieved on a two tandem TSK GMPW XL columns (300 mm × 7.8 mm i.d., 10 µm) system operated at 40 • C. Ammonium acetate aqueous solution (20 mM) was used as mobile phase at a flow rate of 0.6 mL/min. The signal from ELSD was transmitted to an Agilent Chemstation for processing through an Agilent 35900E interface. The parameters of ELSD were set as follows: the drift tube temperature was 120 • C; nebulizer nitrogen gas flow rate was at 3.2 L/min; impact off mode. An aliquot of 20 µL solution was injected for analysis.
Acid Hydrolysis
Every sample of SQI (5 mL) was freeze-dried (Labconco, Kansas City, MO, USA, 7400 series). The lyophilized powder was hydrolyzed in 5 mL of TFA solution at varied concentrations (0 M, 0.02 M, 1 M and 2 M) in 120 • C for 2 h to release component monosaccharides. After the hydrolysis, the solvent was removed using a vacuum rotary evaporator, and the remaining TFA was expelled by adding 5 mL methanol to form volatilizable ester in a vacuum rotary evaporator. The dried hydrolysis product was re-dissolved in 5 mL ultrapure water, and filtered through a 0.22 µm Polytetrafluoroethylene (PTFE) syringe filter before HPLC analysis.
Method Validation
The method for quantitative analysis was validated according to the linearity, sensitivity, precision, accuracy and stability performance. A total of 15 reference compounds were diluted with water to appropriate concentrations for forming calibration curves. At least eight concentrations and duplicates are needed; followed by plotting the peak areas versus the concentration of each analyte. Aliquots of the diluted solutions were analyzed by UPLC-MS. The limits of detection (LODs) and limits of quantification (LOQs) under the present chromatographic conditions were determined at a signal-to-noise ratio (S/N) of about 3 and 10, respectively. The precision was carried out by intra-day variations determination. For the intra-day variability test, six replicates within one day of the sample were achieved, while for the inter-day variability test, duplicate measurements for consecutive three days were performed. Variations were expressed by the spike recoveries (RSDs) of the data. The spike recovery test was studied in order to examine the accuracy of the method evaluation. The recovery was performed by addition of a known amount of individual standards into a 1 mL well-distributed sample SQI-1 by shaking. Three replicates were performed for the recovery. The spike recoveries were evaluated with the following equation: Spike recovery (%) = (total amount detected − amount original)/amount spiked × 100%. The stability test was examined by testing the SQI-1 over a period of 2 h, 4 h, 6 h, 8 h, 12 h, and 24 h; stability measurements were represented by the RSDs of the peak areas of each analyte.
Conclusions
In this study, the special chemical profile of Shenqi Fuzheng (SQ) injection is qualitatively and quantitatively determined via a full component analysis approach. Up to 94.69% (w/w) of this injection product could be quantitatively determined, in which 15 determined non-saccharide small molecules and three determined monosaccharide/sucrose molecules account for 0.18%-0.21%, and 53.49%-58.2%, respectively. Additionally, adenosine contributes the highest dose of around 2 mg/day. No polysaccharides were found. The special composition is helpful to reach an explanation as to both the safety and therapy efficacy of SQI.
